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Tissue distribution of intravenously injected polymeric plutonium in mice was studied by liquid scintillation counting.
The purpose of this study was to know the effect of plutonium administered at different dose lever on its distribution to the tissues. The fraction of deposition and average dose rate to the highly radiosensitive tissues such as the bone marrow and testes were also of our concern.
The polymeric plutonium prepared in this institute was demonstrated to have colloidal properties by showing high deposition in the liver and spleen for a long time. Percent uptakes of plutonium in the main tissues except in the kidneys were not influenced by the three different doses from 5 pCi/kg to 15 pCi/kg body weight of 239pu. At 28 days after injection, femoral bone, femoral marrow and testes contained 1. 23, 0. 18 and 0. 063 percent of the injected doses, respectively. At 56 days, the uptakes of the plutonium in the same three tissues were 1. 23, 0. 17 and 0. 057 percent respectively. Average dose rates to the liver, lungs, kidneys, testes and femoral bone were proportional to the amount of plutonium administered.
On the other hand, average dose rates to the spleen and bone marrow were characteristic in that they were not proportional to the amount of plutonium administered. Elevated dose rates (rad/day) were obtained in the spleen and the bone marrow, where there were weight losses resulting from the internal exposure to the deposited plutonium. Therefore, radiation dose to the spleen and bone marrow can not be solely obtained in proportion to the administered dose.
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I INTRODUCTION
With the accelerated utilization of plutonium in nuclear industry, the possibility of exposure to plutonium has increased in man. It is well known that tissue distribution of plutonium depends on its physical-chemical form, as well as on the route of administration and species. Plutonium (IV) ions tend to be readily hydrolyzed to form polymeric product under physiological conditions. A great deal is known about the tissue distribution of intravenously injected polymeric plutonium in animals,1) and administered doses in these studies varied from 0. 1 aCi/kg of body weight to 90 aCi/kg of body weight of 239Pu. On the other hand, little is known about the relation between the administered dose of plutonium and its distribution to the tissues. As partial release of plutonium from the deposited site and re-distribution of released plutonium are anticipated by many investigators, 2-5> it is likely that the difference in administered dose of plutonium could affect the release and re-distribution of plutonium itself through radiation damage to the deposited cells. 3j The purpose of the present experiment is to know whether the difference in administered dose of polymeric plutonium could affect the distribution of plutonium itself or not. The additional emphasis is put on the observation of the uptakes of plutonium in the bone marrow and testes. For these purposes, the intravenous injection of polymeric plutonium was made in mice at three different dose levels, and tissue distribution of the plutonium was observed by liquid scintillation counting.
II MATERIALS AND METHODS
Polymeric plutonium (1. 67 1e Ci plutonium-239 per mililiter) wat freshly prepared from the stock solution of Pu(N03)4 by careful dropwise addition of 0. 01 % sodium citrate and 1 N NaOH to pH 8 with molar plutonium: citrate ratio of 2. Within one hour after preparation thirty-six adult male CF#1 mice weighing about 33 g, furnished by Technical Service Division of our institute, received a single intravenous injection of polymeric plutonium-239 at the dose levels of 5 pCi/kg, 10 pCi/kg and 15 pCi/kg of body weight. At 28 days and 56 days after injection of polymeric plutonium, the mice were sacrificed and percent uptakes of the injected dose in the liver, spleen, lungs, kidneys, testes, whole left femur, right femoral bone and right femoral marrow were determined by liquid scintillation counting.
The amounts of plutonium deposited in the femoral marrow and femoral bone were determined as follows : Right and left femurs were cleaned off muscle and analyzed for plutonium, separately. First, plutonium content in the whole intact left femur was analyzed. Second, right femur was separated into marrow and bone fraction, and plutonium content in the femoral marrow and femoral bone were separately measured.
Separation of the marrow and bone was performed by removing the marrow with syringe needle. A tuberculin syringe needle (Terumo) was pushed into the marrow cavity, and Hank's solution was aspirated backward and forward through cavity until the marrow was removed as much as possible. This procedure was a modification of a technique reported for removal of the bone marrow cells of mice. ? As a small amount of the marrow remains in the deep trabecu- Table 1 . Tissue distribution of plutonium at 28 days after intravenous injection of three different doses of polymeric plutonium. Table 2 . Tissue distribution of plutonium at 56 days after intravenous injection of three different doses of polymeric plutonium. lar recesses of the proximal bone segment and in the proximal epiphysis, marrow was carefully removed under the same conditions. With the exception of this loss, plutonium contents in the marrow and bone were separately measured. The weight of right femur was measured before and after removing the bone marrow, and the weight of bone marrow was obtained.
The average dose rate (rad/day) based solely on the uniform distribution of plutonium in the tissues was calculated by using a simple formula. 8
III RESULTS
The tissue distribution of plutonium after intravenous injection of polymeric plutonium is shown in Tables 1 and 2 . With the increase in administered dose, the percent uptakes in the liver and spleen showed weak increasing tendency, while in the testes the uptakes of plutonium tended to show slight decrease. But statistical analysis indicated no significant difference in the gross distribution of polymeric plutonium among the three different dose levels in these tissues. In the kidneys, at 28 days after injection, the percent uptake of 15 pCi/kg group (0. 56+0. 06%) was significantly different from 5 pCi/kg group (0. 73 +0. 08%). At 56 days after injection, the percent uptake of 15 pCi/kg group (0. 45+0. 06%) was significantly different from 10 pCi/kg group (0. 56+0. 09%). As the difference in administered dose of polymeric plutonium from 5 pCi/kg to 15 pCi/kg did not affect the percent uptake of plutonium in the main tissues except in the kidneys, the results of the three different dose groups have been combined.
Of the plutonium injected intravenously, 50. 13 was deposited in the liver, 1. 12% in the spleen, 0. 18% in the lungs and 0. 64% in the kidneys on the average at 28 days after injection. In the course of the next 4 weeks, from 28 days to 56 days after injection, the plutonium content in the spleen and lungs showed little change. The liver burden of plutonium was lessened gradually and plutonium content in the kidneys was lost very slowly. At 56 days after injection, the fraction of plutonium deposited in the liver was 41. 52%, in the spleen 1. 19% and in the lungs 0. 18% on the average. Average uptake of the left whole femur in all the three groups was 1. 41 % at 28 days and 1. 39% at 56 days. The right femoral bone whose marrow was removed with repeated flushing by Hank's solution contained 1. 23% of the injected dose at 28 days and 56 days. Plutonium content in the femoral marrow was 0. 18 % at 28 days and 0. 17% at 56 days. The mean uptake of plutonium in the testes was 0. 063% at 28 days and 0. 057% at 56 days.
Average dose rate to each organ based solely on the uniform distribution of plutonium in the tissues is shown in Tables 3 and 4 . The average dose rates to the liver, lungs, kidneys, testes and femoral bone were almost proportional to the amount of plutonium administered. For example, at 56 days after injection, the average dose rates to the liver were 7. 8 rad/day in 5 p Ci/kg group, 17. 6 rad/day in 10 p Ci/kg and 27. 6 rad/day in 15 p Ci/kg group. On the other hand, average dose rates to the spleen and marrow were characteristic in that they were not proportional to the amount of plutonium administered. For example, the average dose rates to the spleen at 56 days after injection were 7. 6 rad/ day in 5pCi/kg group, 23.0rad/day in 10pCi/kg and 56. 7 rad/day in 15pCi/kg group.
IV DISCUSSION
Phagocytic uptake of the intravenously injected polymeric plutonium by the liver, spleen and bone marrow has been autoradiographically demonstrated.9) On the other hand, partial release of plutonium from the deposition site was anticipated by many investigators.2-5) For example, leakage of plutonium from the liver to the circulation by radiation damage to the other deposition cells was suggested by LINDENBAUM et al.2) Furthermore, SANDERS has suggested that when intraperitoneally injected 239PuO2 was concentrated in phagocytic cells, the damaged phagocytic cells released the engulfed plutonium particles. 3) It was also anticipated4) that, either through physical breakdown or through dissolution by endogenous ligands, polymeric plutonium would release some of the ionic plutonium into the blood stream, thus producing a re-distribution of plutonium resulting in a secondary deposition similar to that seen after injection of strictly monomeric plutonium. A sloughing off of the plutonium engulfed cells from the deposition site is also suggested by KASHIMA. 5 From these considerations, radionuclide concentrations high enough to cause radiation damage to the deposited cells may result in releasing of engulfed plutonium from the damaged cells and/or in sloughing off of plutonium damaged cells to the circulation. On the other hand, the reduced phagocytosis in the macrophages which had previously engulfed a large mass of plutonium particles10 and the reduction in the removal of damaged cells in the abdominal cavity11) were observed as the effect of intraperitoneally injected 239PuO2. We have also shown12) the decreased phagocytic function of the spleen and increased phagocytic function of the bone marrow after intravenous injection of polymeric plutonium. In this situation, release of plutonium from the deposited cells and subsequent translocation of released plutonium are considered to be influenced by the degree of radiation damage induced by polymeric plutonium itself. Actually it is considered by Lindenbaum that the initial concentration of plutonium in the liver influences hepatic retention of plutonium through radiation-induced hepatic damage. 2)
When polymeric plutonium was intravenously injected at the dose levels from 5 pCi/kg to 15 pCi/ kg body weight, no significant difference in the tissue distribution of plutonium was observed. This result indicates that the initial patterns of deposition at the three different doses are about the same. Because of small and slow release and redistribution of plutonium, and/or because of sufficient capability of the cells to receive the released plutonium, the gross distribution of plutonium was not influenced by the different administered doses, as a whole. Furthermore, not all the plutonium released from the injured site has necessarily to leave the original deposition tissue. And it is probable that a fraction of released plutonium is simply transferred within the same organs rather than transported through circulation. In fact, intrahepatic translocation of plutonium from the parenchyma to the sinusoidal endothelium has been observed by TAYLOR.13) Detailed study by using microautoradiographic techniques at higher levels of administered dose would be valuable to know whether the behavior of plutonium would be influenced by the administered amount of plutonium itself. The uptake in the kidneys in 15 p Ci/kg group was significantly small. Whether the decreased uptake in the kidneys with the highest dose has any biological meaning or not remains to be resolved.
As anemia has resulted from the marrow deposition of polymeric plutonium, 14) the amount of plutonium in the marrow becomes an important problem in the toxicity of plutonium. Although it has been autoradiographically verified in several laboratories that polymeric plutonium deposits in the bone marrow, only one group has radiochemically analyzed the amount of plutonium in the selected bone marrow. [15] [16] [17] [18] [19] From these data, the relative ratio of the amount of plutonium deposited in the marrow and whole bone (percent uptake of the injected dose in the marrow/percent uptake of the injected dose in the whole bone) were calculated. In the case of monomeric plutonium, Distribution of Polymeric Plutonium 229 from 2. 4 to 11. 0 percent of the skeletal (bone + marrow) plutonium was located in the marrow fraction. In the case of polymeric plutonium, the amount of plutonium deposited in the marrow fraction was from 14. 3 to 60. 8 percent of the skeletal plutonium. In the present study about 12. 5 percent of the skeletal plutonium was located in the marrow fraction, which seemed to be somewhat smaller than those calculated above. The principally polymeric preparation (30% ultrafilterable through visking tube) at Argonne National Laboratory deposited 34% in the liver, 1. 5 in the spleen and 1. 1 % in the femur at 41 days after injection. The polymeric plutonium prepared at our institute deposited more in the liver and less in the spleen and femur. On the other hand, monomeric plutonium (100% ultrafilterable through visking tube) prepared at Argonne National Laboratory deposited only 4. 3% in the liver, 0. 14% in the spleen and 1. 75% in the femur at 44 days after injection.
Although the ultrafilterability was not examined in our experiment, the colloidal nature of the plutonium solution in this study was demonstrated by (1) the high deposition of the radioelement in the liver and spleen, (2) the relative permanence of its deposition in the liver and spleen.
Recently, interest has been re-focused on the genetic effect of plutonium in the gonadal tissue. A review on the uptake and retention of plutoniumnitrate, plutonium-citrate and plutonium oxide in the gonadal tissue has been made by RICHMOND and THOMAS.20) However, only little attention is paid to the uptake of polymeric plutonium in the gonadal tissue with the exception of mouse ovaries, 18) rabbit ovaries18) and dog testes. 21) In the present study, the mean uptakes of polymeric plutonium in the testes were 0. 063 0. 021 percent of the injected dose at 28 days and 0. 0570. 016 percent of the injected dose at 56 days. BAXTER et al. reported21) that 0. 00159 percent of the injected dose deposited in dog testes 6 days after intravenous injection of polymeric plutonium. On the other hand, TAYLOR suggested22 that the mean uptake of polymeric plutonium in the rat testis was similar to that of monomeric plutonium (0.062 percent level of the injected dose per testis). According to TAYLOR,22) about one third of the alpha tracks lie in the region of the spermatogonia after intravenous injection of plutonium-nitrate. The mean dose of 239pu given to the rats in his study was 2.4 pCi/kg body weight. This dose would give an average radiation dose rate to the whole testis of 349 mrad/day and a dose of 5414 mrad/day at the spermatogonial stem cells. GREEN et al. reported23j that for mice the radiation dose rate to spermatogonial stem cells was greater by a factor of 2-2. 5 than average for the testes calculated directly from the total amount of plutonium deposited in the testis. So, calculation based solely on average dose to testis would underestimate the genetic risk resulting from dose rate predicted by the results of 5 pCi/kg group. 239Pu in the testis. As the non-uniform distribution of polymeric plutonium in the testis is considered to be greater than that of plutonium-nitrate and plutonium-citrate, detailed microscopic study on the distribution of polymeric plutonium in the testis and calculation of dose to the spermatogonial stem cells are desirable in order to evaluate the genetic effect of polymeric plutonium. The percent uptake of plutonium in main organs except in the kidneys was not influenced by the difference in administered dose after intravenous injection of polymeric plutonium. Average dose rates to the liver, lungs, kidneys, testes and femoral bone were proportional to the amount of plutonium administered but those of the spleen and bone marrow were characteristic in that they were not proportional to the administered dose. The average dose rates to the spleen and bone marrow in 10 4a Ci/kg and 15 p Ci/kg group were somewhat more than predicted by the results of 5 p Ci/kg group (Fig. 1) . The spleen and bone marrow are very radiosensitive and their weight losses by polymeric plutonium was distinct. For example, at 56 days after injection of 5 p Ci/kg, 10 p Ci/kg and 15 p Ci/kg of polymeric plutonium, average weight of the spleen was 658, 47 11 and 28 6 mg respectively. Detailed results concerning the changes in tissue weight will be reported elsewhere. 12 Of course the weight of the bone marrow was uncertain. So the average dose rate to the bone marrow was somewhat unreliable. Althogh determination of a true radiation dose from internally deposited polymeric plutonium is a formidable problem, more detailed dose calculation based on microscopic distribution is desirable.
Because of their weight losses, characteristic high dose rates to the spleen and bone marrow were observed. So, it may be pointed out that radiation dose rate to the spleen and bone marrow can not be solely obtained in proportion to the administered dose.
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